ABSTRACT We analyzed the synthesis of DNA, the rate of cell proliferation, and the expression of milk protein genes in mammary cells grown as primary cultures on or in collagen gels in chemically defined media. We assessed DNA synthesis and cell growth, measured by [aH]-thymidine incorporation into acid-insoluble material, DNA content, and cell counts, in a progesterone-and prolactin-containing medium. In some experiments, cultures were pulsed for I h with [3H]thymidine and dissociated into individual cells which were cytocentrifuged and processed for immunocytochemistry and autoradiography. We analyzed expression of milk protein genes at the transcriptional, translational, and posttranslational levels in a progesteronedepleted medium in the presence or absence of prolactin. We measured protein secretion by radioimmunoassays with antisera directed against caseins, ~-lactalbumin and milk transferrin. We determined protein synthesis by incorporating radio-labeled amino acids into acid-precipitable material and by immunoprecipitating biosynthetically labeled milk proteins. We assessed the accumulation of casein mRNA by hybridizing total cellular RNA extracted from cultured cells with 32p-labeled casein cDNA probes. On attached collagen gels, the cells synthesized DNA and replicated until they became confluent. The overall protein synthetic activity was low, and no milk proteins were synthesized or secreted even in the presence of prolactin. The block in milk protein gene expression was not restricted to translational or posttranslational events but also included transcription, since no casein mRNA accumulated in these cells. On floating gels, protein synthesis was threefold higher than in cells from attached gels. Overall protein synthesis as well as casein and ~-lactalbumin synthesis and secretion were prolactindependent with maximal stimulation at around 10 -9 M. A marked inhibition occurred at higher hormone concentrations. Casein mRNA accumulated in these cells, provided prolactin was present in the medium. In contrast, these cells did not synthesize DNA, nor did they replicate. In embedding gels, the rate of cell proliferation was exponential over 25 d with a doubling time of ~70 h. The overall protein synthesis increase was parallel in time with the increase in cell number. Caseins and ~-lactalbumin (in contrast to transferrin) were synthesized only in the presence of prolactin. We observed the same hormone dependency as with cells growing on floating gels. The number of casein-and transferrin-positive cells was measured after dissociating the cell cultures. At day 12, 60% of the total cells stored transferrin in small cytoplasmic vesicles, whereas only 25% of the cells accumulated casein. Differences in the organization and in the shape of mammary cells depending on cell surface conditions suggest that the geometry of the cells, their interaction with extracellular matrix constitutents, and cellto-cell interactions play a role in the expression of two mammary functions: DNA synthesis and growth, as well as milk protein gene expression.
biosynthetically labeling the cells was a 1 to 1 mixture of M199 and FI2 medium supplemented with gentamicin (100/~g/ml) and fungizone (2.5 /zg/ml) for the fast 5 d of culture. Cell aggregates (see MateriaLs and Methods of accompanying paper [14] ), suspended in medium containing 20% horse serum and 5% fetal calf serum, were plated at a density of l0 ~ ceLLs/era ~ for cell proliferation and DNA synthesis studies, and at 5 x 105 cells~era 2 for milk protein gane expression analysis. The ceils were embedded at a density of 10S/m1 of collagen mixture for cell replication and at 10 e ceils/ml for milk protein gene expression experiments. The ceils were cultured for 24 h in the same serum containing medium and then in serum-free medium complemented with 0.25% bovine serum albumin, 10 -~° M dexamethasone, l0 -~° M 17-/~-estradioL 10 -s M triiodothyronine, 10 ng/nd epidermal growth factor, and prostaglandin F2a (PGF2a), and 5 gg/ml insulin. For sustained growth and DNA synthesis, the medium was supplemented witb 10 -s M progesterone and 5 x 10 -s urine prolactin (PRL) unless otherwise stated. For protein synthesis and secretion experiments, we removed progesterone and added PRL, at concentrations varying between 10 -s and 10 -~° M, to determine the dose-dependency. The medium was changed every day. Floating gels were obtained 2 or 5 d aRer plating by mechanically detaching the attached collagen gels with a Pasteur pipet.
Protein Synthesis: The attached, floating, and embedding gels were digested for 2 h at 37°C, with purified collagenase (see MateriaLs and Methods of accompanying paper [ 14] ). For immunoprecipitation studies, the cell layers or the outgrowths of six wells (35 mm in diameter) were pooled for each experimental determination, washed in methionine-free medium, and incubated with 2.5 ml of [~S]methionine (>1,200 Ci/mmol) at 200 pCi/ml. For assessment of overall protein synthesis by precipitation of acid-insoluble material, the cell layers and the outgrowths of two wells (16 mm in diameter) were pooled, washed in leucine-free medium, and incubated with 0.5 ml of [aH]leucine (>300 Ci/mmol) at 10 #Ci/ml. At tbe end of incubation, protease inbibitors were added at a final concentration of 1 mM for phenylmethylsulfonyl fluoride (PMSF), 5/~g/ml for pepstatin A, leupeptin, antipain, and aprotinin and 10 gg/ml for soybean trypsin inhibitor. The cells were centrifuged and the supematant was saved. 1-2 ml of HzO were added to the pellets, which were sonicated for 30 s at 4°C. Ahquots were used to measure the DNA content (21) and to determine the incorporation of radioactivity into acid-insoluble material, or for immunoprecipitation with anticaseins, anti-a-lactalbumin, and antitransferrin sera (7) according to Maccechini et at. (26) . Samples of the medium (superuatant), the pellet, and the immunoprecipitates were analyzed by SDS PAGE (27) , followed by fluorography (25) .
Protein Secretion:
The medium from cells grown on attached or floating gels was collected each day. The gels were then digested, and the cells were recovered and lysed as described. The amount of milk protein (caseins a, ~¢, a-lactalbumin, and transferrin) was measured by radio-immunoassays using specific goat antisera (7), radio-iodinated purified milk proteins, and a sheep antirabbit F(ab')2 serum to precipitate the soluble immune complexes in a classical sandwich assay. The amount of secreted protein we estimated from standard curves estabLished with purified cold milk proteins (7) and the values were normalized to the DNA content and hence to the number of cells, assuming 7 pg DNA per cell (22) , and expressed as nanograms of milk protein secreted per 24 h per 10 ~ cells. To determine protein accumulation in cells from embedding gels, the cells were dissociated with trypsin (2.5 gg/ml), cytocentrifuged, and labeled with anti-milk protein sera.
DNA Synthesis and Cell Counts:
The collagen gels were frst digested with collagenase for 1-3 h. The cells were then incubated at 37°C with 2 pCi/ml of [~H]thymidine for 1 h. The amount of 3H in TCA-insoluble material was counted in a liquid scintillation counter, and the values were normalized to DNA content. For cell counting, the cells were further treated with trypsin (2.5 gg/ml) and EDTA (1 mM) for 15 rain, dispersed with a siliconized Pasteur pipet, and counted in a hemocytometer. Some cells were cytocentrifuged and processed for autoradiography or immunocytochemistry as described below.
Extraction of RNA and Blot Analysis: Total cellular RNA was extracted at 65°C with phenol (37) from ceils grown on attached, floating, or in embedding collagen gels. Total cellular RNA was denatured in 1 M glyoxal, 50% DMSO, 10 mM phosphate, pH 6.5, 0.1% SDS for 5 min at 50°C (following a modification of the procedure of McMaster and Carmichael [28] ) and was clectrophoresed on a horizontal agarose slab gel in 10 mM phosphate buffer, pH 6.5. The RNA was transferred onto nitrocellulose filters following the protocol of Thomas (42) and was hybridized to cloned 32p-labeled ,/-casein cDNA (39) . Hybridization with polyadenylated RNA extracted from lactating mammary gland served as a control.
]mm unofluorescence: Mammary ceils recovered from collagen gels and labeled for I h with [~H]thymidine were cytocentrifuged on glass sides, fLxed briefly in ether-ethanol (1:1), reiiydrated with Phosphate-buffered saline (PBS), and reacted with goat anti-rabbit milk protein sera (7), diluted 1:10 (antibody titer ~0.05-0.1 mg/ml). The slides were washed three times in PBS, exposed for 15 min to biotinylated sheep F(ab')2 directed against goat IgG, and £mally incubated with lissamine-or FITC-labeled streptavidin (R. Rodewald, D. Papermaster, and J. P. Kraehenbuhl, manuscript in preparation). The slides were then washed three times in PBS and once in distilled water, and were processed for autoradiography with fiquid Ilford L4 emulsion. The autoradiograms were exposed for 2 wk, developed, and then observed in a Zeiss photomicroscope II with a fluorescent attachment and equipped with Osram HBO 100-W high pressure mercury vapor light source, BGI2 excitation filter, and BG38 suppression filter.
R ESU LTS

DNA Synthesis and Cell Proliferation
DNA synthesis assessed by [~H]thymidine incorporation into acid-insoluble material and growth rates estimated from ceil counts and DNA content were determined for cells grown under the three-culture conditions: attached, floating, and embedding gels. In a first group of experiments, we measured the rate of cell growth and DNA synthesis for cells embedded in collagen and cultured either in the presence of progesterone (10 ng/ml), PRL (5 x 10 -9 M), or both hormones, and compared to that of cells "grown in the presence of optimal concentrations of serum. We determined the dependency on serum concentration independently and found it to be 20% horse serum and 5% fetal calf serum (data not shown). In the absence of progesterone and PRL DNA synthesis was minimal and the number of cells in embedding gels slowly decreased with time (data not shown). In contrast, the addition of either progesterone or PRL promoted both DNA synthesis and cell proliferation (Fig. 1) . The effect of these two hormones when added simultaneously was synergistic and exponential growth was observed for up to 16 d (Figs. 1 and 2) , with a doubling time of ~70 h identical to that observed for cells cultured in serumcontaining medium. Following the embedding of spheroids into the collagen matrix, there was a significant decrease in the number of cells during the first days of culture and a low rate of DNA synthesis. This cell loss was more pronounced for cultures grown in serum-free media than in serum-containing medium (Fig. 1) . Interestingly, there was no fibroblast proliferation under serum-free conditions as opposed to cultures grown in serum-containing media.
On attached collagen gels, the rate of cell proliferation in the presence of progesterone and PRL was much flower than in embedding gels, with a doubling time of~ 120 h. At confluency, this initial proliferation was followed by a plateau phase, with little DNA synthesizing activity (Fig. 2, upper panel) . From day 6 onward, the confluent cell monolayers started to retract, leaving cell-free areas of collagen gels. The appearance of such holes was followed by an increase in DNA synthesis and a new wave of ceil replication (Fig. 2 , upper panel).
When attached gels were freed from tbe plastic wells on day 5, they retracted and formed floating collagen gels. Upon detachment, DNA synthesis progressively decreased and remained low until the end of the experiment. Similarly, the number of cells which increased as long as the gels were attached (day 5), decreased upon detachment and then remained constant (Fig. 2, middle panel) . 
Milk Protein Expression
PROTEIN SECRETION:
We assessed accumulation of proteins in mammary cells grown on attached or floating gels and the secretion of proteins into medium by radio-immunoassay using monospecific antisera directed against casein (a or •), a-lactalbumin~ and transferrin. Since the apical membrane of the mammary cells faced the medium as a consequence of the reestablishment of cell polarity, we expected secreted proteins to be vectorially discharged into the medium, where their concentration could be determined. In contrast, since cells embedded in collagen formed luminal spaces in the center of ductlike structures, it was unlikely that secreted material would accumulate in the medium, but rather would be sequestered in the lumen and hence not readily available for measurements. Therefore, we determined accumulation of secreted material in embedded cells morphologically by immunofluorescent labeling of dispersed and cytocentrifuged cells. On attached gels secretion of protein by mammary cells remained low and undetectable during the entire 16-d experimental period (Fig. 3, upper panel) : upon detachment of the collagen gel and rearrangement of the cells, both the amount of protein stored in the cells and of that secreted into the medium over a 24-h period started to progressively increase after a 24-h lag. The increase was continuous for casein (Fig. 3, upper panel), whereas a plateau was reached after 2 d for transferrin (Fig. 3, lower panel) , and after 8 d for ~x-lactalbumin (Fig. 3, middle panel) . Secretion of casein and a-lactalbumin was induced only in the presence of PRL which was not necessary for induction of transferrin secretion. Secretion of casein and et-lactalbumin was hormone-dose-dependent, with maximal stimulation at around 10 -9 M and marked inhibition at higher concentrations. The maximum amount of protein ng for casein a, 500 ng for casein K, 400 ng for a-lactalbumin, and 200 ng for transferrin.
Results from immunofluorescent labeling of ceils recovered from embedding gels are given in Table I and Fig. 4 . In these experiments, the cultures, after digestion of the collagen gel with purified collagenase, were pulsed for 1 h with [aH]thymidine and further digested for 15 rain with trypsin. The cells were then mechanically dispersed by pipetting the cultures, and finally were cytoeentrifuged, labeled with anticasein a or antitransferrin antibodies and were processed for autoradiography. In culture, mammary cells accumulating transferrin increased in number with time to reach a plateau level around On indicated days, the collagen gels were digested, the monolayers were incubated for 1 h. with 2 ~tCi/ml of [3H]thymidine, the mammary cells dispersed by trypsin-EDTA treatment and cytocentrifuged. After immunocytochemical and autoradiographic processing, the labeled cells were counted and the numbers expressed as percent of labeled cells to total cells ± standard error of the means. Three experiments were run in parallel with the same starting frozen cells.
day l 1, with -60% of positive cells. The increase in number was independent of the presence of PRL. In contrast, we detected casein a in cells only when the cultures were grown in the presence of PRL. The number of casein-positive cells also increased with time but did not exceed ~30% of the total cells at day 11. Only a few cells storing milk proteins were labeled with [aH]thymidine. -5 % of the transferrin-positive cells had labeled nuclei, and ~1% of the casein-positive cells were double-labeled.
Synthesis a n d Storage o f M i l k Proteins
Protein synthesis measured by the incorporation of radioactive amino acids into TCA-insoluble material recovered from both the medium and the mammary cells was determined in attached or floating collagen gel cultures. Since secreted material was sequestered in the luminal space when ceils were grown in embedding gels, only total incorporation into both secreted and cellular proteins was determined in this case. The rate of synthesis was low in ceils cultured on attached gels, and low amounts of radio-labeled secreted proteins were released into the medium for periods up to 15 d (Fig. 5) . In contrast, protein synthesis and secretion of radioactive proteins increased 2.5-fold upon collagen gel detachment (day 5). A more than threefold increase over controls was achieved when prolactin was added at optimal concentration (10 -a M). The overall synthetic activity was again hormone-dose-dependent with a maximal stimulation at a concentration between 5 x 10 -1° and 5 x 10 -a M and a marked decrease in the rate of synthesis at higher concentrations (Fig. 5) , as already shown for the accumulation and secretion of milk proteins. When cells were embedded in collagen, tbe overall protein synthetic activity remained low during the first few days; then, as the number of cells increased, there was a continuous hormone-dependent increase in the incorporation of [aH]leucine expressed as cpm per #g DNA until a steady state was reached around day 10. From day 10 on, the amount of incorporated [3H]leucine (cpm/ /~g DNA) was similar to that found for floating gels with a threefold increase in PRL-stimulated cells over controls. To identify which milk proteins were biosynthetically labeled and controlled by prolactin, cells grown on attached, floating, or in embedding gels for 8 d were pulsed for 3 h with [aSS]methionine. The labeled cells were lysed in the presence of SDS and analyzed by SDS PAGE. Milk proteins were immunoprecipitated from the cell lysate with anticasein a and antitransferrin antibodies. The results of such an experiment, illustrated in Fig. 6 , indicate that the synthesis of transferrin and of casein a occurred only on floating and embedding gels. Whereas the synthesis of transferrin is PRL-dependent, the synthesis of caseins requires the presence of optimal concentrations of PRL.
7-
Accumulation of Casein mRNA
To test whether the block in milk protein gene expression observed in cells grown on attached collagen gels was restricted to translational or postranslational events, we assessed the accumulation of mRNA in cells grown on attached gels, as well as in cells cultured under the two other conditions, with eDNA specific for casein a. When total cellular RNA was extracted, electrophoresed, blotted onto nitrocellulose paper, and then hybridized with a2P-labeled casein eDNA, two observations were made which are illustrated in Fig. 7 . First, accumulation of casein mRNA occurred only in the presence of PRL, and second, there was no detectable casein mRNA in cells from attached gels, even in the presence of optimal PRL concentrations.
D I S C U S S I O N
Two mammary cell functions, DNA synthesis and ceil replication, that are required for the lobulo-alveolar differentiation of the mammary gland during pregnancy and milk protein gene expression at parturition and during lactation, have been maintained in nontransformed rabbit mammary cells cultured on two-or three-dimensional collagen matrices. In this study, the functional differentiation of mammary cells grown under the three culture conditions described in the accompanying paper (14) was analyzed biochemically in a chemically defined medium so that the hormone requirements for DNA synthesis, cell proliferation, and milk protein gene expression could be determined. Our results show that sustained growth and gene expression of milk proteins can be induced and maintained in mammary cells grown in three-dimensional stromal collagen matrices. In contrast, only one of these mammary functions is expressed in cells cultured on two-dimensional stromal collagen surfaces. On rigid substrates, the cells proliferate until they become confluent, but milk protein gene expression is inhibited at the transcriptional and translational levels, whereas on flexible substrates the cells are unable to grow but synthesize and secrete prolactin-insensitive and -inducible milk proteins.
Hormonal Requirements for Cell Proliferation
Growth and differentiation of the mammary gland during pregnancy depend both on pituitary and ovarian hormones (29) . In organ explants or cell cultures, however, these hormones had little or no effect on mammary cell proliferation (43) . The use of primary mammary cell cultures for the analysis of cell growth has been limited to studies of [aH]thymidine incorporation in short-term cultures, because of the inability to maintain mammary cells in long-term cultures. Due to recent developments in the cultivation of mammary cells using stromal collagen matrices (45) , it became possible to maintain sustained growth and thus to determine the effect of various hormones and growth promoting factors by estimating the increase in cell number (20, 32, 46) .
We compared the growth rate of rabbit mammary cells grown under the three-culture conditions described above in a serum-free medium to that in a serum containing medium. The optimal serum conditions were similar to those determined for mouse mammary epithelial ceils (15) . The conditions for the growth of a human mammary tumor cell line in a serum-free medium containing physiological concentrations of insulin, transferrin, epidermal growth factor, PGF2, and fibronectin (2) provided only minimal cell growth for rabbit mammary cells cultured in embedding collagen gels. The medium we selected contained PGF2a, and insulin, but included also glucocorticoids, progesterone, and 17-/?-estradiol added at concentrations identical to those found in rabbit at midpregnancy (38) . We added thyroid hormones that influence lobulo-alveolar differentiation in vitro (44) at physiological concentrations, as well as PRL at concentrations slightly above those required to saturate half the receptors on mammary cells (38) . In the absence of PRL and progesterone, DNA synthesis and cell proliferation were significantly lower than in serum-containing medium. Added singly, these hormones promoted growth, but together they had a synergistic effect with growth rates similar to those obtained with serum.
Finally, fibroblast domination of primary mammary cultures, which is a serious problem in rabbit mammary cultures, was minimized in this chemically defined medium. Although mammary epithelial cells are highly enriched by isopycnic centrifugation and cell-specific aggregation (14) , some contaminating connective tissue cells frequently overgrow the epithelial cells in serum-containing medium, especially on plastic dishes or attached collagen gels. No attempts have been made to identify the factors that inhibit fibroblast growth in our chemically defined medium.
Hormonal Requirement for Milk Protein Cene Expression
Because progesterone inhibits casein gene expression both in vivo (16) and in vitro (35), we removed this hormone from the medium in all the experiments designed to determine the hormonal requirements for milk protein gene expression. Hormonal requirement for milk protein gene expression is less stringent than for DNA synthesis and cell growth. We observed no difference in the amount of mRNA accumulated nor in the rate of protein synthesis and secretion by mammary cells when insulin, glucocorticoids, and PRL are present alone, as compared to medium supplemented with the hormones together with growth factors required for optimal growth. As already described in the accompanying paper (14) , expression of milk protein genes is influenced by the shape of the mammary cells grown as multicellular structures. On a rigid substratum, the cells synthesize proteins, probably the ones required for cell survival, but not the milk proteins. The block in milk protein gene expression is not restricted to translational and posttranslational events, but also involves tbe transcription since no mRNA for casein accumulates in the attached mammary cells despite the presence of PRL stimulation. Lipogenesis, which is regulated by a PRL inducible acyl-transferase (4), is also inhibited. Release of cell constraints by freeing the collagen gels from the plastic wells leads to a rapid and drastic change in the geometry of the secretory cells. Concomitantly, in the absence of DNA synthesis and cell replication, cytodifferentiation occurs with the appearance of myoepithelial-like ceils in the culture (14) . A two-to threefold increase in overall protein synthetic activity accompanies these changes. In the absence of PRL, milk transferrin is synthesized and secreted, as well as the secretory component, a transmembrane protein acting as a receptor for polymeric immunoglobulins and mediating their transepithelial translocation (24) (Kraehenbuhl, unpublished observation). In contrast, the expression of caseins and alactalbumin genes requires the presence of PRL. Synthesis and secretion were dose-dependent with an optimal stimulation between 5 × 10 -1° and 5 × 10 -9 M, a concentration slightly higher than that required for the half-saturation of the cell surface receptors (38) . Under optimal conditions, one secretory cell produces amounts of milk protein, which remain one or two orders of magnitude lower than those produced by a cell from a lactating gland in vivo, but are significantly higher than values reported in the literature (30, 31) . At higher PRL concentrations, there is a drastic decrease in synthesis and secretion of caseins and a-lactalbumin. Such a dose-dependency is also observed at the transcriptional level (41) , an observation which is interpreted by a down-regulation mechanism, whereby the availability of PRL receptors rapidly becomes too low to support the hormonal stimulation of milk protein gene expression (10) . The PRL dependency of overall protein synthesis parallels that of casein and a-lactalbumin synthesis, an observation that is expected in view of the important contribution of these milk proteins (>70%) to total milk proteins (7) .
When the number of secretory cells accumulating milk proteins is scored both on floating or in embedding gels, it appears that more cells store transferrin than caseins, although more caseins are secreted into the medium by cells grown on floating gels. Thus a third of the mammary cells are able to secrete about three times more casein than transferrin which is produced by two-thirds of the cells. In such calculations, one does not take into account the amount of transferrin released from the basolateral membrane of the cells grown on floating gels. Since casein and a-lactalbumin probes are available (39) , and transferrin cDNA has recently been constructed, it will now be possible to study the metabolism of the mRNAs coding for these milk proteins and to determine whether differences exist in the half-lives of the various mRNA populations.
